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BEHAVIORAL NEUROSCIENCE
Proteins whose expression is induced by training and are required 
for long-term memory consolidation include several immediate 
early genes, such as the transcription factor CCAAT enhancer bind-
ing proteins (C/EBPs), c-Fos, and Zif268, as well as effector genes 
such as activity-regulated cytoskeletal protein (Arc) and tissue-
plasminogen activator (TPA), to mention just a few (Melchor and 
Strickland, 2005; Alberini, 2009).
On the other hand, animal model and clinical studies based 
on retrograde and anterograde amnesia caused by brain trauma, 
stroke, or brain region inactivation or ablation have shown that, in 
some types of memories such as the so-called explicit or declara-
tive memories, consolidation lingers for a prolonged period. These 
memories engage the medial temporal lobe, and particularly the 
hippocampus  and  related  structures,  including  the  fornix  and 
entorhinal cortex, for their consolidation. Hippocampal damage 
impairs human declarative memories that are several years old 
and animal contextual memories that are up to 30 days old; older 
memories remain unaffected (Smith and Squire, 2009). Thus it 
has been proposed that the hippocampus initially works with the 
neocortex to consolidate memory but, over time, gradually becomes 
less critical. In contrast, changes in the neocortex over time become 
more uniquely essential for storing the information by increasing 
connectivity among distributed cortical areas (Squire, 2009). Given 
the very different temporal scales of memory fragility in response 
to different types of interference, one mediated by gene expression 
during the first 1–2 days after training and the other mediated by 
trace rearrangement among brain regions, it is unclear whether 
a relationship exists between the two temporal mechanisms of 
consolidation. It is, in fact, possible that the term consolidation is 
The dynamic processes of memory consolidaTion 
and reconsolidaTion
To become long-term memory, newly learned information under-
goes progressive changes and a stabilization process known as mem-
ory consolidation (McGaugh, 2000; Dudai, 2004). This term was 
proposed more than 100 years ago by Muller and Pilzecker (1900) 
to indicate that, after learning, memory is initially in a labile state 
but, over time, becomes stable and resistant to disruption. Since 
then, many studies in different species and with numerous types 
of learning have shown that several kinds of interference, includ-
ing blockade of new RNA and protein synthesis, disruption of the 
expression or function of specific proteins but also new learning, 
brain cooling, seizure, brain trauma, and brain regional lesions can 
disrupt the consolidation of the new memory.
Although all these treatments disrupt the formation of a new 
memory, the different types of interference revealed the existence 
of distinct temporal phases or processes that take place during 
memory consolidation. Molecular interference with protein and 
RNA synthesis inhibitors, blockers of receptors, kinases, neuro-
trophins, and transcription factors in species ranging from inverte-
brates to mammals showed that the biosynthetic-dependent phase 
of memory consolidation is relatively brief and is completed within 
the first day or two after training (Taubenfeld et al., 2001a,b; Bailey 
et al., 2004; Bekinschtein et al., 2007; Ou et al., 2010). Several reviews 
provide comprehensive summaries of what is known about the 
gradients of new protein and RNA synthesis requirements, as well 
as the nature of genes and proteins that are critically recruited 
during memory consolidation (Kandel, 2001; Davis and Laroche, 
2006; Reissner et al., 2006; Wang et al., 2006; Bramham et al., 2010). 
The role of reconsolidation and the dynamic process of 
long‑term memory formation and storage
Cristina M. Alberini1,2*
1  Department of Neuroscience, Mount Sinai School of Medicine, New York, NY, USA
2  Department of Psychiatry, Mount Sinai School of Medicine, New York, NY, USA
It is becoming increasingly clear that the processes of memory formation and storage are 
exquisitely dynamic. Elucidating the nature and temporal evolution of the biological changes that 
accompany encoding, storage, and retrieval is key to understand memory formation. For explicit 
or medial temporal lobe-dependent memories that form after a discrete event and are stored 
for a long time, the physical changes underlying the encoding and processing of the information 
(memory trace or engram) remain in a fragile state for some time. However, over time, the 
new memory becomes increasingly resistant to disruption until it is consolidated. Retrieval or 
reactivation of an apparently consolidated memory can render the memory labile again, and 
reconsolidation is the process that occurs to mediate its restabilization. Reconsolidation also 
evolves with the age of the memory:  Young memories are sensitive to post-reactivation disruption, 
but older memories are more resistant. Why does a memory become labile again if it is retrieved 
or reactivated? Here I suggest that the main function of reconsolidation is to contribute to the 
lingering consolidation process and mediate memory strengthening. I also discuss the literature 
and results regarding the influence of the passage of time on the reconsolidation of memory. 
These points have important implications for the use of reconsolidation in therapeutic settings.
Keywords: memory, consolidation, reconsolidation, molecular mechanisms
Edited by:
Jacek Debiec, New York University, 
USA
Reviewed by:
Yadin Dudai, The Weizmann Institute of 
Science, Israel
Jacek Debiec, New York University, 
USA
*Correspondence:
Cristina M. Alberini, Department of 
Neuroscience, Mount Sinai School of 
Medicine, Box 1065, New York, NY 
10029, USA.  
e-mail: cristina.alberini@mssm.edu
Frontiers in Behavioral Neuroscience  www.frontiersin.org  March 2011  | Volume 5  | Article 12  |  1
HypotHesis and  tHeory article
published:07 March 2011
doi: 10.3389/fnbeh.2011.00012used in different settings and by different disciplines just to indi-
cate memory maturation processes. Thus, it would be important 
to determine whether or not different types of interferences and 
amnesia gradients have mechanistic commonalities, and whether 
or not the terminology is the only common ground. As mentioned 
below, it is, however, intriguing to note that the reconsolidation 
sensitive period seems to overlap with the trace rearrangement 
consolidation temporal evolution.
Despite this question remains to be addressed, for several dec-
ades it was believed that memory consolidation is a unitary process: 
a newly formed memory requires gene expression for several hours, 
after which it becomes stable or consolidated (Davis and Squire, 
1984). However, studies done in the last decade inspired by findings 
reported earlier, starting from the 1960s, demonstrated that the 
initial gene expression-dependent phase required for memory con-
solidation is not the only one. In fact, if memories that have become 
resistant to inhibitors of gene expression are retrieved, they again 
become labile for a limited time. During this time, the labile memory 
can be disrupted by similar gene expression blockers. The process, 
whereby a retrieved or reactivated labile memory re-stabilizes over 
time, is known as memory reconsolidation (Nader et al., 2000a; Sara, 
2000a). A report by Nader et al. (2000b) awakened the scientific 
community to the retrieval-dependent fragility of memory. These 
authors reported that an established auditory fear conditioning 
memory, 24 h or 2 weeks after its encoding, when it generally is 
not sensitive to inhibition of new protein synthesis, again becomes 
transiently sensitive if it is retrieved. Since then, many studies in 
several species, and with respect to different types of learning, have 
reported similar conclusions proving the generalization of mem-
ory reconsolidation (Dudai and Eisenberg, 2004; Alberini, 2005, 
Tronson and Taylor, 2007; Nader and Einarsson, 2010).
These results also led to many questions: Is reconsolidation a 
recapitulation of the initial consolidation process? Do memories 
undergo reconsolidation every time they are retrieved? Do all types 
of memories undergo reconsolidation? What is the relationship 
between reconsolidation and extinction? What mechanisms under-
lie reconsolidation? What is the function of reconsolidation? Is the 
age of a memory a critical variable for reconsolidation? Can we 
target the reconsolidation process to weaken memories that con-
tribute to diseases such as post-traumatic stress disorder (PTSD) 
and addiction?
In this article, I will focus on the last three questions, then pro-
pose a model of memory reconsolidation.
The funcTions of memory reconsolidaTion
Why does memory become labile after retrieval? It is important to 
answer this question, not only because it will allow a better under-
standing of how the memory process works, but also because this 
knowledge is essential to developing accurate clinical approaches 
that will use post-retrieval strategies to disrupt or weaken patho-
genic memories. At least two, non-mutually exclusive hypotheses 
have been proposed to explain the function of reconsolidation. 
According to one, memory becomes labile because through recon-
solidation new information is integrated into the background of the 
past, thus allowing the memory to be updated (Lewis, 1979; Sara, 
2000a; Dudai, 2004). The other proposes that memory reconsoli-
dates in order to become stronger and longer lasting (Sara, 2000b).
The first hypothesis has been tested by several studies in various 
species. The conclusions reached are contradictory. Some stud-
ies state that reconsolidation does not mediate memory updating, 
others that it does. This controversy seems to be due in part to 
the fact that the same term was used to indicate different types of 
behavioral updating, and in part to conflicting interpretations of 
the results. In general terms, we can define memory updating as 
all changes that are incorporated into a reactivated memory due to 
current perceptual input. Thus, every time a memory is retrieved 
it undergoes changes because, in fact, it is perceived in a differ-
ent moment and with different current inputs. This implies that 
both a distinct experience that becomes linked to a first, reactivated 
memory, as well as a second identical learning experience, can be 
defined as memory updating. However, it is obvious that these two 
conditions represent very different updating processes. One has to 
do with how distinct experiences, that is, two distinct traces, become 
linked or associated; the other has to do with how the same learning 
experience adds to a first one by repetition.
The studies that tested whether reconsolidation mediates updat-
ing after the reactivation of the same experience (e.g., multiple 
training trials) need to carefully define the use of the terms con-
solidation  and  reconsolidation  in  those  behavioral  paradigms. 
Moreover, an important caveat should be kept in mind when test-
ing the differential role of reactivated or new traces: that both con-
solidation and reconsolidation are sensitive to many of the same 
interfering agents, including protein synthesis inhibitors, pharma-
cological and molecular interferences, and new learning. Thus, a 
result showing that both the old and updated traces are disrupted 
by one treatment does not prove that reconsolidation mediates 
updating. In order to dissect whether reconsolidation differentially 
contributes to the updating of memory, it is necessary to use inter-
fering approaches that selectively disrupt either reconsolidation of 
a reactivated memory or the consolidation of new traces.
A factor that has been considered critical to the definition of 
memory reconsolidation is whether amnesic agents applied after 
memory reactivation disrupt the original memory trace or whether 
reactivation, by definition, produces a new memory that undergoes 
consolidation. If reactivation produces a new trace, then disrupt-
ing this trace should not affect the old memory; there should be 
no decrease in memory retention below the levels reached by the 
old memory (Debiec et al., 2002). Reconsolidation experiments 
in many different tasks and species have shown that this is not the 
case. To the contrary, it has been established that, after retrieval 
or reactivation, the old trace is indeed, in significant part, sensi-
tive to disruption. However, although this argument is clear with 
reactivations evoked by an experience that is different from the 
original training, for example a non-reinforced reminder after a 
reinforced conditioning, it is confusing in the case of the contribu-
tion of repeated training trials. Should it be called consolidation or 
reconsolidation the process induced by a second learning trial that, 
if challenged with an amnesic agent, results in memory disruption 
that goes below the retention level produced by the first trial?
I will review some of the results and then return to these general 
issues about defining consolidation and reconsolidation.
In my laboratory, we focused on testing an updating produced 
by linking two different experiences (Tronel et al., 2005). This 
study  asked  whether  linking  new  information  to  a  previously 
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tation of the data, is that when new encoding is presented after 
the reactivation of a memory, two traces exist and are both in a 
labile state: one that mediates the reconsolidation of the reactivated 
trace if in a non-asymptotic phase and another that represents 
the newly encoded trace which may undergo a new consolidation 
process. Since the results of these studies do not clearly dissect the 
contribution of reconsolidation of an established memory versus 
consolidation of a new trace, they do not conclusively demonstrate 
a role for reconsolidation in the new encoding. Nevertheless, it is 
interesting to note that inhibition of protein synthesis after repeated 
trials during a non-asymptotic phase returns the memory perform-
ance to the pretraining chance level, suggesting that the original 
trace had remained labile. Similar results have been reported in 
other studies that used multiple trial learning tasks to investigate 
the effects of amnesic treatments on memory consolidation (e.g., 
Meiri and Rosenblum, 1998; Luft et al., 2004; Touzani et al., 2007).
Conclusions similar to those of Morris et al. (2006) were offered 
by Winters et al. (2009), who used object recognition memory. As 
in the previous studies, it is unclear whether the disruption of the 
memory (object recognition, in this case) occurs because, in the 
so-called “reactivation” trial, the rat associates the old information 
(the objects) with a novel environment and the MK-801 disrupts 
consolidation of this new memory trace, which, in fact, includes 
the old objects.
Thus, my interpretation of these and other studies based on 
multiple learning trials, including attenuation of neophobia, incen-
tive instrumental learning, and the Morris water maze (Hernandez 
et al., 2002; Rodriguez-Ortiz et al., 2005, 2008; Morris et al., 2006; 
Rossato et al., 2006; García-DeLaTorre et al., 2009), is twofold. 
First, in agreement with the authors’ conclusions, during a learn-
ing curve, post-trial applications of amnesic treatments disrupt 
memory retention only when the memory is not in an asymptotic 
level. However, when retention has reached an asymptotic level and 
no further learning or increased retention is evident, a previously 
consolidated memory remains stable and resistant to disruption. 
Second, if then new events are presented and associated with this 
memory, a new trace is formed which is labile because it under-
goes consolidation. If part of the old information is incorporated 
in a new trace, its retention might be disrupted if the new trace 
is challenged by amnestic treatments, following the rules of the 
predominant active trace (Eisenberg et al., 2003).
Perhaps there is the need to revisit or clarify some terminology. 
Should the process of fragility and restabilization resulting from an 
identical learning trial that is in a non-asymptotic phase of learn-
ing be called consolidation or reconsolidation? Is the distinction 
between consolidation and reconsolidation related to the level of 
memory disruption (whether is goes below the incremental level)?
If one defines reconsolidation as the process that occurs after 
each sequential trial during the non-asymptotic phase of a learn-
ing curve, then the classic definition of the consolidation process 
of a multiple trials task coincides with what here would be called 
a process of consolidation–reconsolidation. Interestingly, this sta-
bilization, which would occur through rounds of reconsolidation 
and result in a memory resilient to disruption, is highly reminis-
cent of that found after a salient single-trial learning, which over 
time develops a graded increased resistance to reconsolidation 
established memory via its reactivation critically depends on the 
  reconsolidation of this memory. In other words, does reconsolida-
tion mediate the incorporation of new information? To address 
this question, we used an inhibitory avoidance task, modified to 
a second-order conditioning paradigm and the anatomically dis-
tinct requirement of the transcription factor C/EBPβ, specifically 
in hippocampus but not amygdala during consolidation and in 
amygdala but not hippocampus during reconsolidation. Second-
order conditioning promotes the formation of associations between 
a new conditioned stimulus (CS2) and a conditioned response elic-
ited by another CS (CS1) that was previously associated with an 
unconditioned stimulus (US; Rescorla, 1980; Gewirtz and Davis, 
2000). Thus, the stimulus–response learning that occurs during 
second-order conditioning represents the formation of an associa-
tion between new (CS2) and reactivated information (memory of 
CS1–US), which makes this paradigm proper for investigating the 
mechanisms involved in linking new to reactivated information. 
We found that linking new information to a reactivated memory 
is not mediated by the reconsolidation of the reactivated memory. 
In fact, when we selectively disrupted the reconsolidation of the 
CS1–US,  the  second-order  CS2-(CS1–US)  remained  intact.  In 
contrast, when we blocked consolidation selectively, only the new 
linking (the update) was disrupted, whereas the original memory 
remained intact. We concluded that when two distinct experiences, 
one reactivated and one new, become linked, the reconsolidation 
of the reactivated trace does not mediate this updating (Tronel 
et al., 2005). In agreement with this result, Debiec et al. (2006), 
using rat auditory fear conditioning have found that disrupting the 
reconsolidation of CS1–US by inhibiting amygdala protein synthe-
sis after reactivation does not affect the association CS2–CS1–US. 
Results similar to ours were found with associative memories in 
the Crab Chasmagnatus (Suárez et al., 2010), as well as in humans 
(Forcato et al., 2010). Hence, the function of reconsolidation must 
be different from that of linking a reactivated memory to a novel, 
distinct experience. In general terms, we can infer that memory 
updating via formation of complex networks requires memory 
retrieval, but not reconsolidation and that the reconsolidation of 
a reactivated memory does not alter the entire network of updated 
associative memories.
Other studies tested whether reconsolidation mediates memory 
updating by examining the contribution of the repetition of similar 
training trials or retrievals as compared to that of new encodings. 
These studies concluded that with multiple learning trials or reacti-
vations, memory does indeed become labile. However, the fragility 
is seen only when learning is in a non-asymptotic mode. When 
memory has reached an asymptotic level, it is resistant to disruption 
by post-reactivation amnesic treatments, but then becomes labile 
again if it is in a new encoding mode (Rodriguez-Ortiz et al., 2005; 
Morris et al., 2006). For example, Morris et al. (2006), using rat 
learning to locate a platform in a water maze concluded that: “the 
engagement of a memory-encoding mode during the act of spatial 
memory retrieval may be one requirement for reconsolidation to be 
observed. This occurs in spatial tasks when animals are confronted 
by spatial novelty or ‘mismatch’ that triggers exploration and the 
updating of their cognitive representation of space” and proposed 
that a dual encoding and retrieval state is required for the recon-
solidation of spatial memory. Similar conclusions were offered by 
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retrieved or reactivated will reflect which information will undergo 
reconsolidation and strengthening. Thus, the strengthening evoked 
by a second training trial will be qualitatively and, perhaps, quan-
titatively different from that evoked by a non-reinforced reminder. 
Understanding the functions and boundaries of the reconsolidation 
process is critical for designing treatments that aim at memory 
disruption or enhancement.
memory reconsolidaTion and The passage of Time
A key question is: what happens to an encoded and consolidated 
memory over time? Time is an extremely important parameter in 
memory formation, allowing the selection of what will be stored as 
long-term memory and dictating what and for how long informa-
tion will be stored. Memory consolidation evolves over time and 
memories change with time.
Clinical studies of retrograde amnesia inspired the concept 
of memory consolidation (Squire and Alvarez, 1995; McGaugh, 
2000), according to which medial temporal lobe structures are 
necessary for the formation and maintenance of a memory for 
a limited time. During this time, there seems to be a reorganiza-
tion of the memory trace. After this reorganization is completed, 
the medial temporal lobe structures are no longer essential for 
maintaining the information. Indeed, clinical and experimental 
evidence indicate that damage to the medial temporal lobe does 
not interfere with the storage of remote memories, but does impair 
recent memories in a temporally graded fashion. As mentioned 
earlier, the temporal window of this circuitry rearrangement seems 
to be approximately a few weeks in animal models and a few years in 
humans (Squire, 2009). In agreement with this temporal evolution 
of memory consolidation, the expression of activity-related genes 
such as c-Fos, as well as the uptake of 2-deoxyglucose induced by 
recall of contextual fear conditioning in rats decrease in the hip-
pocampus and increase in cortical areas as the memory ages over 
several weeks (Frankland and Bontempi, 2005). Neuroimaging 
studies in humans have shown a similar anatomical distribution of 
activity when subjects recall memories ranging from 1 to 30 years 
old. Other support to this temporal frame comes from recordings 
from cell populations in the medial prefrontal cortex (mPFC) in 
rats during and after eyeblink conditioning. Moreover, firing-rate 
activity selective for memory associations starts to develop dur-
ing the late stage of acquisition and continues for up to 6 weeks 
independently of whether or not the animals are continuously 
trained. This slow time course of firing-rate changes agrees with 
a previously observed time window in which the mPFC becomes 
important for retrieval. Finally, in line with the key principles of 
the consolidation theory, associative learning seems to initiate a 
temporally graded process that leads to long-lasting changes in 
cortical areas (e.g., the mPFC), even without continued training 
(Takehara-Nishiuchi and McNaughton, 2008). Thus, there is little 
doubt that memory consolidation and storage evolve with time. It 
is possible, as indicated by animal studies, that the rearrangement 
of the memory representation from hippocampal to cortical areas, 
occurs together with a qualitative transformation; hence, initial 
memory, which would be highly detailed and context-specific may 
become one that is more general (Moscovitch et al., 2005; Winocur 
et al., 2007, 2010).
  disruption (see below). This view of reconsolidation as an integral 
part of the consolidation process was proposed a few years ago by 
both Dudai and Eisenberg (2004) and myself (Alberini, 2005). In 
other words, it seems that reconsolidation, as part of a lingering 
consolidation process, strengthens memory retention by follow-
ing the rules of trace dominance (Eisenberg et al., 2003). Notably, 
what the classical consolidation hypothesis did not account for, nor 
explored, are the mechanistic contributions of each reactivation of 
the trace that can be elicited by each learning trial, or the fact that 
non-reinforced reminders can produce a similar result.
Supporting  the  conclusion  that  reconsolidation  increases 
memory strength, Lee (2008) reported that a second learning trial 
strengthens a contextual fear memory. He then showed that when 
hippocampal injection of BDNF antisense oligodeoxynucleotide 
(ODN), which had been found to disrupt the initial consolida-
tion but not reconsolidation of this memory (Lee et al., 2004), was 
given before the second trial, it did not change memory retention. 
However, injection of zif268 antisense, which had been shown to 
disrupt reconsolidation but not consolidation of contextual fear 
conditioning, when given before the second training trial, com-
pletely disrupted memory retention. Lee therefore concluded that 
reconsolidation mediates memory strengthening. His results are 
in agreement with several lines of evidence that memory recon-
solidation, like strengthening (Lee, 2008), uses mechanisms that 
differ from those used during the initial wave of consolidation 
(Taubenfeld et al., 2001a; Lee et al., 2004; Tronel et al., 2005; von 
Hertzen and Giese, 2005). Recent results from our laboratory, 
obtained by using inhibitory avoidance in rats and non-reinforced 
reminders, lead to similar conclusions; we found that retrievals 
of a young memory, which are accompanied by its reconsolida-
tion, result in memory strengthening and contribute to its overall 
consolidation and concluded that a function of reconsolidation is 
to mediate memory strengthening and prevent forgetting (Inda 
et al., 2011).
In agreement with this conclusion, earlier evidence indicated 
that, following reactivation, memory can indeed be strengthened. 
For example, memory reactivation through the re-experience of a 
single contingent-reinforcing stimulus given in the same context 
as previous intermediate-term memory training boosts a resid-
ual memory trace into long-term memory (Parvez et al., 2006). 
Electrical stimulation of the mesencephalic reticular formation 
(MRF) improves the retention of memories, including fear condi-
tioning and linear maze, when the stimulus is applied after reactiva-
tion (DeVietti et al., 1973; Sara, 2000a). During the reconsolidation 
phase, memory retention can be increased by pharmacological 
modulation (Frenkel et al., 2005; Tronson et al., 2006), suggesting 
that after reactivation memory can be strengthened. Thus, memory 
enhancement, like memory disruption, can be achieved by targeting 
a post-retrieval or post-reactivation memory process. This oppor-
tunity to enhance memory strength following retrieval, like that of 
disrupting it, has important clinical implications.
In summary, based on the current knowledge, I suggest that the 
functional role of reconsolidation, whether induced by a second 
training trial or a non-reinforced reminder, is to mediate memory 
strengthening and prevent forgetting. In contrast, memory updat-
ing with new learning and encoding results in a new memory trace 
that is accompanied by a new consolidation process. This new and 
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even seemingly consolidated memories undergo further selective 
molecular maturation processes (Kemenes et al., 2006).
In summary, over time, memory undergoes many molecular, 
anatomical, and qualitative changes and these include its increased 
resilience to reconsolidation disruption. Some authors disagree 
with this conclusion. They view reconsolidation as a general proc-
ess that occurs following memory retrieval without temporal 
constraints, and explain temporal boundaries as experimental 
limitations (Nader and Einarsson, 2010). Nader et al. (2000b) and 
Debiec et al. (2002) showed that 2-day- and 2-week-old cued-
fear conditioning memories, as well as a 45-day-old contextual 
fear conditioning memories in rats, are disrupted, respectively, 
by post-retrieval bilateral injection of anisomycin into the amy-
gdala or hippocampus. In disagreement with these contextual 
fear conditioning results, other groups have reported that, with 
time, contextual fear memories in mice become less sensitive to 
post-retrieval interference (Suzuki et al., 2004; Frankland et al., 
2006). Other memories have been reported to have a long-lasting 
temporal window of post-reactivation fragility. For example, a 
21-day-old appetitive instrumental response (sucrose self-admin-
istration) is disrupted by systemic injection of the β-adrenergic 
antagonist  propranolol,  while  a  27-day-old  cocaine-induced 
conditioned place preference is disrupted by post-reactivation 
amygdala injections of zif268 antisense (Diergaarde et al., 2006; 
Lee  et  al.,  2006).  In  contrast,  studies  on  morphine-induced 
conditioned place preference show that increased resistance to 
post-reactivation treatment with propranolol or the GABA (A) 
agonist midazolam develops with stronger training (Robinson 
and Franklin, 2010).
These opposing results can be explained by the findings dis-
cussed earlier, which have shown that the nature of the learning 
task and therefore its underlying circuitry as well as the intensity of 
training and reactivation are all contributing to produce gradients 
of post-retrieval protein synthesis requirement that have different 
temporal evolutions. It is consistent with a lingering consolidation 
and the effects of retrograde amnesia on medial temporal lobe-
dependent memories that the stabilization process may take a long 
time. Hypotheses that could be explored are whether the increased 
resilience to reconsolidation disruption is related to its increased 
cortical representation or increased distribution over brain areas 
(Nadel and Moscovitch, 1997), or the implicit or explicit nature of 
the memory and its storage distribution.
It is important that these issues be addressed because it will 
provide useful information for designing clinical trails.
Importantly, the existence of a gradient does not exclude the 
possibility that reactivation of fully consolidated memories or a 
memory in an asymptotic phase is accompanied by a phase of de 
novo protein synthesis. However, new molecular changes induced 
by the reactivation of a fully consolidated memory may occur with-
out manifesting fragility of the consolidated information.
poTenTial clinical applicaTions
The  findings  on  memory  reconsolidation  have  triggered  great 
interest in the medical community, particularly among mental 
health professionals who treat disorders that are based on patho-
genic memories. Two pathologies that could benefit from targeting 
How do these temporal changes affect memory reconsolidation? 
In other words, is the post-retrieval lability of memory a function of 
time? Understanding the temporal boundaries of reconsolidation 
is critical for the development of efficacious clinical approaches 
that target the reconsolidation process.
The initial hypothesis of memory reconsolidation proposed 
that, when a memory is active (following training or reactiva-
tion), it is in a labile state, but that when it is inactive, it is stable 
(Nader et al., 2000a). This implies that every time a memory is 
reactivated (active) it becomes labile. Many studies have tested the 
role of time in memory reconsolidation. The results have shown 
that, in most cases, in a variety of species, including rat, mouse, 
chick, and Medaka fish, the passage of time critically influences 
the stability of a memory, so that the older a memory becomes, 
the less susceptible it is to disruption following its reactivation. 
These studies report increasing resilience to disruption following 
memory reactivation over a time window of several weeks. For 
example, in rat inhibitory avoidance, 2- and 7-day-old memo-
ries are disrupted by protein synthesis inhibitors administered 
after retrieval, while 14- and 28-day-old memories are resistant 
to the same treatment (Milekic and Alberini, 2002). Similarly, 
in Medaka fish, the administration of a Na+ channel blocker at 
the time of memory retrieval disrupts a 4-day-old memory and 
has an intermediate effect on a 9-day-old memory, but exerts no 
effect on a 15-day-old memory (Eisenberg and Dudai, 2004). 
Studies of other species and different types of learning, including 
both aversive and appetitive, have confirmed the existence of a 
temporal gradient of progressive resilience to memory disruption 
after reactivation (Litvin and Anokhin, 2000; Suzuki et al., 2004; 
Boccia et al., 2006; Frankland et al., 2006; Robinson and Franklin, 
2010). Additional findings have shown that, in addition to the age 
of a memory, its strength and the reactivation intensity interact 
to influence the degree of vulnerability of a reactivated memory 
(Suzuki et al., 2004, Diergaarde et al., 2006; Bustos et al., 2009). 
For example, Suzuki et al. (2004) showed that whereas protein 
synthesis inhibitors can disrupt a reactivated 24-h- to 3-week-old 
contextual fear memory in mice, an 8-week-old memory remains 
unaffected by a similar reactivation. However, if the reactivation 
session is prolonged, even the older memory can be disrupted. 
Finally, weak (1 shock) versus strong (3 shocks) training pro-
tocols correlate, respectively, with more or less susceptibility to 
disruption after reactivation. It is important to keep in mind 
that memory changes over time and that long-lasting reactivation 
preferentially evokes extinction (a decrease in the conditioned 
response resulting from CS presentations) over reconsolidation 
(Eisenberg et al., 2003, Bustos et al., 2009). Thus, for stronger 
memories, which are insensitive to reconsolidation disruption 
but become sensitive when a long reactivation is applied, it is 
important to exclude the possibility that memory disruption is 
the result of a facilitated extinction.
The fact that, as noted earlier, memory changes over time is also 
supported by molecular experimental evidence, including recon-
solidation studies. Reconsolidation has distinct requirements than 
the initial consolidation (Alberini et al., 2006). Reconsolidation 
of an associative memory in Lymnaea, which is evident at both 6 
or 24 h after training by using protein synthesis inhibitors, shows 
different molecular requirements: only reconsolidation at 6 h after 
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in the protocols used. However, to provide solid preclinical infor-
mation, it is important that the potency and generalization of the 
propranolol treatment on fear memories be established. Using 
another paradigm known as auditory fear conditioning, Debiec and 
LeDoux (2004) have found that   propranolol injected either systemi-
cally or into the lateral nucleus of the amygdala after reactivation of 
a 1-day- or 2-month-old memory weakened the fear response when 
tested 48 h later. In agreement, in recent studies based on contex-
tual–auditory Pavlovian fear conditioning, we found that systemic 
propranolol injection following a retrieval elicited by cue exposure 
interferes with the reconsolidation of both cued and contextual 
fear conditioning. On the other hand, propranolol administered 
after contextual reactivation only affects contextual fear condition-
ing and has no effect on the auditory fear. Thus, it seems that the 
efficacy of systemically administered propranol in disrupting the 
reconsolidation of fear memories might be limited (Muravieva 
and Alberini, 2010).
Other studies reported divergent results on the effect of pro-
pranolol on memory reconsolidation: Whereas the reconsolida-
tion of eyeblink conditioning potentiation and conditioning to 
natural or drug-associated reward is disrupted by propranolol 
(Diergaarde et al., 2006; Milton et al., 2008; Kindt et al., 2009), 
the reconsolidation of appetitive Pavlovian memories in rats (Lee 
and Everitt, 2008) and neutral and emotional verbal memories in 
humans (Tollenaar et al., 2009) are not. Interestingly, declarative 
measures for the acquired contingency between the CS and US 
(Kindt et al., 2009) are insensitive to propranolol treatment, but 
the fear response is sensitive. Hence, as Kindt et al. (2009) have 
suggested, propranolol may target the fear response, but not the 
cognitive or explicit components of that response, and further stud-
ies should be able to address this question.
The glucocorticoid pathway is another pharmacologically tar-
geted pathway for the potential treatment of PTSD. The endog-
enous stress hormone corticosterone bidirectionally modulates 
memory retention (McGaugh and Roozendaal, 2002; Roozendaal, 
2002). Low doses increase memory retention, while high doses 
disrupt it. Recent studies have shown that glucocorticoids admin-
istered after the reactivation of a contextual fear memory have 
an amnesic effect on the original memory. These studies also 
have provided evidence that a possible mechanism for this effect 
is enhancement of extinction of the expression of the original 
memory (Cai et al., 2006). My laboratory investigated the effect 
of blocking the GRs on inhibitory avoidance memory recon-
solidation in rats. We found that post-retrieval, intra-amygdala 
blockade of GRs by the antagonist RU38486 significantly disrupts 
inhibitory avoidance in rats (Tronel and Alberini, 2007). Further 
investigations have shown that also systemic administration of 
RU38486, either before or after retrieval, consistently weakens 
inhibitory avoidance retention in a dose-dependent manner. The 
efficacy of treatment appears to be a function of the intensity 
of the initial trauma; however, highly traumatic memories are 
disrupted by changing the time and number of interventions. 
Furthermore, we found that one or two treatments are sufficient to 
maximally disrupt the memory and that the treatment selectively 
targets the reactivated memory without interfering with the reten-
tion of another unreactivated memory (Taubenfeld et al., 2009). 
memory reconsolidation as a potential therapeutic approach are 
PTSD and drug addiction, both of which are characterized by the 
presence of strong, repeatedly recalled memories.
Post-traumatic stress disorder can develop after exposure to an 
emotionally or physically traumatic event. One hallmark of the dis-
order is that the subject keeps reliving the trauma through repeated, 
intrusive memories of the initiating experience. PTSD patients have 
difficulty sleeping and feel detached or estranged. These symp-
toms can be so severe and persistent that they significantly impair 
patients’ ability to function. Although no animal model is yet avail-
able to reproduce PTSD fully, various behavioral paradigms have 
been used to represent some component of the disorder, using 
a rationale description of how PTSD develops. According to this 
description, the traumatic event (US) triggers a strong hormo-
nal stress response, which mediates the formation of a robust and 
enduring memory of the trauma. Subsequent recall of the event in 
response to cues and reminders (CS) releases more stress hormones 
(conditioned response) and even further consolidates the memory, 
leading to PTSD symptoms such as flashbacks, nightmares, and 
anxiety (Pitman and Delahanty, 2005). The persistence of PTSD 
can be explained in terms of trauma-induced strengthening of the 
memory trace. For example, it is hypothesized that noradrenergic 
hyperactivity and stress hormones facilitate the encoding and con-
solidation of the memory (Pitman, 1989; O’Donnell et al., 2004; 
Yehuda, 2006). Thus, animal models that evoke strong fear con-
ditioning memories and high-anxiety behavior have been used to 
study questions that are clinically relevant to PTSD.
In principle, the pharmacological and behavioral interferences 
thus far found to be effective in disrupting fear memory recon-
solidation or enhancing extinction (not discussed in this paper) 
could potentially be useful for identifying new treatments that can 
be tested in clinical trials. Some of the compounds found to affect 
reconsolidation, including antagonists of β-adrenergic or gluco-
corticoid receptors (GRs), are already used in clinical pharmacol-
ogy for treating other diseases. Hence, they are the most readily 
available potential therapies for targeting reconsolidation in PTSD 
and addiction.
Antagonists of the β-adrenergic receptor, such as propranolol, 
have  already  been  explored  at  preclinical  and  clinical  levels. 
Propranolol, which is most commonly used to treat hypertension, 
has been administered in concert with the retrieval of a fearful or 
traumatic event in both animals and humans. Przybyslawski et al. 
(1999) provided one of the first reports on the effect of propranolol 
on memory reconsolidation. Using rat inhibitory avoidance, these 
authors found that systemic administration of propranolol after 
the reactivation of an inhibitory avoidance memory disrupted the 
memory on subsequent tests. However, we recently reached the 
opposite conclusion. Because the shock used by Przybyslawski et al. 
(1999) was very weak (0.2 mA), we set out to determine whether 
the reconsolidation of a memory induced by a greater shock, which 
would more closely approximate a traumatic event, was sensitive to 
propranolol treatment. Hence, we tested the effect of the same pro-
pranolol treatment in rats given either before or after the retrieval 
of an inhibitory avoidance memory evoked by a 0.6- or 0.9-mA foot 
shock. We found that although these memories could be disrupted 
by several other treatments, like anisomycin or the GRs antago-
nist RU38486, propranolol had no effect (Muravieva and Alberini, 
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can be   disrupted following the reactivation of a CS-withdrawal 
association (Hellemans et al., 2006).
From all these investigations, it emerges that finding agents or 
strategies that disrupt memory reconsolidation is a potentially 
important approach for developing novel treatments that aim 
at weakening pathogenic memories. It is important that future 
studies determine precisely what response is affected by the post-
reactivation treatments and how the age of the memories changes 
their sensitivity to treatments.
Finally, one other potentially important clinical application of 
targeting memory reconsolidation, which has not yet been much 
explored,  is  memory  enhancement.  Can  we  enhance  memory 
reconsolidation  and  boost  memory  retention?  Initial  findings 
indicate that memory can be significantly enhanced by target-
ing mechanisms activated in the post-retrieval phase of memory 
(Frenkel et al., 2005; Tronson et al., 2006; Chen et al., 2011). This 
intriguing question requires future exploration and the results thus 
far obtained imply that, in order to identify memory enhancers, 
we may need to explore the temporally limited post-training or 
post-retrieval active phases.
a model To explain memory reconsolidaTion
Memories of a single event that become very long-lasting are evoked 
by the experience of a very salient or emotional event. Weaker 
memories require multiple training trials to become very long-
lasting. Studies of consolidation and reconsolidation, particularly 
in animal models, have often used models of salient single or few 
learning trials because they easily allow temporal analysis of the 
changes that occur after a learning trace is evoked. These studies 
show that the temporal evolution of the labile consolidation and 
reconsolidation phases of memory is a function of the intensity of 
training, reactivations, and the passage of time.
What is memory reconsolidation? What is its function?
Learning of a salient event leads to a long-lasting memory 
through molecular cellular and circuitry changes that evolve over 
an extended time (weeks in rats). During the first 1–2 days, memory 
is disrupted by treatments that interfere with the synthesis of a 
number of proteins; however, following this time, memory becomes 
resistant to the same amnestic treatments. This may be interpreted 
as indicating that consolidation is completed. However, the memory 
still lies for some time in a sensitive, critical period, during which the 
memory can again return to a labile state if reactivated for example 
by retrievals or retraining, and, while in this fragile state, its reten-
tion can be bidirectionally modulated. With the passage of time, 
a gradient of memory stabilization sets in, along with increased 
resistance to post-retrieval interference.
What is the contribution of time to memory strengthening and 
consolidation? Various hypotheses are possible. First, the memory 
trace strengthens because it undergoes implicit reactivations, per-
haps as a consequence of rythmicities like circadian rhythm or sleep 
(Stickgold and Walker, 2007). A salient, aversive or traumatic event 
is also frequently recalled over and over, especially during the first 
days or weeks (Rubin et al., 2008). Cues often trigger the retrieval 
of aversive or traumatic experiences. Perhaps these reactivations, 
implicit, and explicit, serve the biologically important function of 
consolidating an aversive memory without repeating the aversive 
In light of these results, the glucocorticoid pathway appears to be 
a promising site of pharmacologic intervention for trauma-related 
pathologies, including PTSD.
A novel and very interesting alternative to pharmacological 
disruption, which uses a behavioral design, has recently been pro-
vided by animal and human studies based on sequential retrieval 
(reconsolidation) and extinction. Extinction training after fear 
conditioning retrieval leads to permanent memory impairment 
if it is presented within a post-retrieval reconsolidation temporal 
window (Monfils et al., 2009; Schiller et al., 2010). Further stud-
ies should be able to elucidate the underlying mechanisms of this 
interesting approach.
Another pathology that can take advantage of reconsolidation 
studies is addiction. Substance abuse generally leads to a chronic 
condition believed to result from an addict’s inability to perma-
nently abstain from drug use. Drug addicts repeatedly relapse to 
drug seeking even after years of abstinence. This pathologic behavior 
is frequently induced by the recall of memories and environmental 
stimuli that are intimately connected to the rewarding effects of 
the drug (O’Brien et al., 1992). Therefore, disruption of memory 
reconsolidation provides an unprecedented potential strategy to 
disrupt memories that facilitate drug addiction. Promising results 
have recently been achieved in animals dependent on morphine 
or cocaine by injecting, after memory reactivation, inhibitors of 
protein  synthesis,  extracellular  signal-regulated  kinase  (ERK), 
or β-adrenergic receptors, or by disrupting the expression of the 
immediate early gene zif268 either peripherally and within spe-
cific brain regions, such as the amygdala, hippocampus, or nucleus 
accumbens (Lee et al., 2005; Miller and Marshall, 2005; Milekic 
et al., 2006; Valjent et al., 2006; Fricks-Gleason and Marshall, 2008; 
Robinson and Franklin, 2010). In some of these studies, inhibitors 
were injected in animals that had acquired a place preference in 
response to the drug of abuse, a learning known as conditioned 
place preference. In this paradigm, animals learned to associate 
the effects of the drug with a specific location and chose to spend 
time there. The administration of several of these inhibitors after 
reactivation of the drug-related memory interfered with its recon-
solidation and abolished the place preference on later tests. Recently, 
we also found that disrupting the reconsolidation of a conditioned 
place preference induced in rats by morphine also leads to a loss of 
motivational withdrawal evoked in the same place. Interestingly, 
the hippocampus has a critical role in linking the place preference 
memory to the context–conditioned withdrawal, as interfering 
with hippocampal molecular mechanisms after the reactivation 
of morphine conditioned place preference significantly weakens 
the motivational withdrawal. Thus, targeting the reconsolidation 
of memories induced by drugs of abuse may prove to be an impor-
tant strategy for attenuating context–conditioned withdrawal and, 
therefore, relapse in opiate addicts (Taubenfeld et al., 2010).
Other  studies  have  investigated  a  different  type  of  task  in 
which  animals  form  a  CS–drug  association  during  drug  self- 
administration training, a model of drug seeking (Lee et al., 2005, 
2006). These experiments showed that infusion of zif268 antisense 
ODN into the basolateral amygdala before the reactivation of a 
CS–cocaine association abolishes its impact on the learning of a 
new cocaine-seeking response or maintenance of cocaine-seeking, 
as well as relapse to a previously established drug-seeking behavior. 
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